Zoledronic acid decreases the risk for skeletal-related events (SREs) in men with castrationresistant prostate cancer and bone metastases but its role earlier in the natural history of the disease is unknown. This phase III study evaluated the efficacy and safety of earlier treatment with zoledronic acid in men with castration-sensitive metastatic prostate cancer.
INTRODUCTION
Bone metastases are an important cause of morbidity in men with prostate cancer. Most men with fatal prostate cancer develop bone metastases and bone is often the dominant or only site of metastatic disease. 1 Bone metastases are associated with skeletalrelated events (SREs) including pathologic fractures, spinal cord compression, and need for surgery or radiation therapy to bone. 2 Osteoclast-mediated bone destruction is the key pathologic mechanism for SREs in prostate cancer and other malignancies. 3 Zoledronic acid is a bisphosphonate that potently inhibits osteoclast-mediated bone resorption.
Zoledronic acid is approved to treat men with prostate cancer, bone metastases, and disease progression despite androgen-deprivation therapy (ADT). In a randomized, placebo-controlled study of 643 men with castration-resistant prostate cancer (CRPC) and bone metastases, zoledronic acid was associated with a decreased rate of SREs at 15 months (44% v 33%; P ϭ .02) and increased time to first SRE (329 days v Ͼ 500 days; P ϭ .011). 4, 5 Zoledronic acid is often used to treat men with castration-sensitive metastatic prostate cancer although its efficacy and safety in this setting is unknown. Characterizing potential benefits and harms of zoledronic acid in castration-sensitive disease is important because response duration for ADT is long and zoledronic acid has adverse effects (including renal impairment and osteonecrosis of the jaw) that appear related to cumulative drug exposure. 6 For these reasons, we conducted a randomized controlled study to compare efficacy and safety of early administration of zoledronic acid in men with castration-sensitive disease versus standard zoledronic acid administration initiated after progression to castration-resistant disease. Patients with castration-sensitive prostate cancer and bone metastases were randomly assigned to either zoledronic acid (4 mg intravenously once every 4 weeks) or placebo. After their disease progressed to castration-resistant status, all patients received openlabel treatment with zoledronic acid. The primary study end point was time to first SRE, defined as radiation to bone, clinical fracture, spinal cord compression, surgery to bone, or death as a result of prostate cancer.
PATIENTS AND METHODS

Patients
Eligible patients were men at least 18 years old with histologically confirmed prostate adenocarcinoma, at least one bone metastasis by radiographic imaging (bone scan, magnetic resonance imaging, computed tomography, or plain radiographs), and Eastern Cooperative Oncology Group (ECOG) performance status 0 to 2. All patients had creatinine clearance (calculated by Cockroft-Gault equation) of more than 30 mL/min. Patients received ADT (bilateral orchiectomies, gonadotropin-releasing hormone agonist, or gonadotropin-releasing hormone antagonist) for Յ 6 months before randomization and continued ADT throughout the study. Patients treated with intermittent ADT were not eligible, except for patients concurrently enrolled in Southwest Oncology Group 9346/INT-0162/Cancer and Leukemia Group B (CALGB) 9594. 7 Key exclusion criteria included external-beam radiation therapy within 4 weeks, prior treatment with a bisphosphonate, or prior treatment with radiopharmaceuticals. Patients who received ADT at any time more than 6 months before enrollment were excluded, except for patients with prior neoadjuvant/ adjuvant ADT as long as that therapy was Յ 6 months duration and was completed more than 6 months before study entry. Patients with corrected serum calcium less than 8.0 mg/dL (2.00 mmol/L) or Ն 11.6 mg/dL (2.90 mmol/L) were excluded.
The corporate sponsor provided study drug and financial support. The study was approved by the institutional review board or ethics committee for each site. All patients provided written informed consent.
Treatment
Patients were randomly assigned in a blinded 1:1 ratio to receive zoledronic acid intravenously or placebo (sterile saline) intravenously over a period of 15 minutes once every 4 weeks. Randomized block design was used. Randomization was stratified by ECOG performance status (0 to 1 or 2), prior SRE (yes or no), and serum alkaline phosphatase (Ͻ upper limit of normal or Ն upper limit of normal). For the patients with baseline creatinine clearance higher than 60 mL/min, zoledronic acid dose was 4.0 mg. For patients with creatinine clearances of 50 to 60 mL/min, 40 to 49 mL/min, and 30 to 39 mL/min, zoledronic acid doses were 3.5 mg, 3.3 mg, and 3.0 mg, respectively. After determining the starting dose for each patient, there were no subsequent dose modifications. For patients with baseline serum creatinine less than 1.4 mg/dL at study entry, an increase of Ն 0.5 mg/dL required treatment delay until return of serum creatinine to Յ 110% of baseline value. For patients with baseline serum creatinine levels Ն 1.4 mg/dL at study entry, an increase of Ն 1.0 mg/dL required treatment delay until return of serum creatinine to Յ 110% of baseline value. Treatment delays of more than 4 weeks because of creatinine elevation required discontinuation of study treatment. The criteria for treatment delays owing to creatinine elevation were the same throughout the study.
Patients continued their assigned treatment until progressive disease, which was defined as new bone metastases or prostate-specific antigen (PSA) progression (defined as three consecutive rises in PSA with each PSA measurement at least 2 weeks apart and at least one PSA value Ͼ 4 ng/mL). At progressive disease, patients began open-label treatment with zoledronic acid intravenously over 15 minutes every 3 weeks. The blind was maintained throughout the study. Patients continued study treatment until the first SRE.
Patients continued standard ADT throughout the study. Patients were instructed to take calcium supplements (500 mg daily) and vitamin D (400 to 500 IU).
Patients were evaluated at every treatment cycle (every 4 weeks during blinded treatment, and every 3 weeks during open-label treatment). Bone scans were obtained before patient registration; there we no required radiographic assessments on study. Serum PSA was measured at every cycle.
End Points
The primary efficacy end point was time to first SRE, defined as the interval between date of randomization to either radiation therapy to bone (including use of bone-targeted radiopharmaceuticals), clinical fracture, spinal cord compression, surgery to bone, or death as a result of prostate cancer. Because most patients will experience symptomatic skeletal progression before death, prostate cancer death was included in the definition of SREs to avoid potential under-reporting of SREs. Secondary end points were overall survival, progression-free survival (PFS), and safety. Progression-free survival was defined as the interval between date of randomization to first bone progression, PSA progression, or death. Adverse events were graded using Common Terminology Criteria for Adverse Events version 3.
Study Design and Data Analysis
The primary end point was time to first SRE with a target sample size of 680. The null hypothesis was that the hazard ratio is greater than or equal to 1.0 versus the alternative hypothesis that the hazard ratio is less than 0.77. With a target of 470 SREs, log-rank statistic had 88% power to detect a 23% decrease in hazard of SRE (equivalent to an increase in median time to SRE from 30 months to 39 months), assuming a one-sided type I error rate of .05. The following assumptions were made: accrual rate of 29 patients per month over a 48-month enrollment period, a 36-month follow-up period after completion of study accrual, and exponential distribution for time to SRE. This trial was monitored by the CALGB Data and Safety Monitoring board for efficacy and safety. Superiority and futility analysis were conducted for time to first SRE. Lan-Demets analog of the Emerson-Fleming sequential boundary was used to maintain overall significance level of ␣ ϭ .05 while conducting interim analyses on time to first SRE. Final analysis was to be performed when 470 SRE events had been observed. Because of early termination, conditional power was performed under the alternative hypothesis. This is the probability that zoledronic acid is superior to placebo at the end of the trial, given time to first SRE data at interim analysis under alternative hypothesis.
An intention-to-treat approach was used in the analysis for all clinical end points, with the exception of toxicity. The primary analysis of time to first SRE end point was based on a one-sided stratified log-rank test for treatment effect, adjusting for stratification factors. The Kaplan-Meier product limit method was used to estimate time to first SRE, overall survival, and progression-free survival distributions. In addition, the proportional hazards model was used to test stratification factor by treatment interaction in predicting time to first SRE. All analyses were performed using SAS and R softwares, version 9.2. All P values for secondary and exploratory analyses are two-sided.
The study was designed by the CALGB and approved by the Cancer Therapy Evaluation Program of the National Cancer Institute. The study was endorsed by ECOG, Southwest Oncology Group, and NCIC. The CALGB (Alliance) Statistics and Data Center performed registration, data collection, and statistical analyses.
As part of the CALGB quality assurance program, members of the audit committee visit all participating institutions at least once every 3 years to review source documents. Auditors verify compliance with federal regulations and protocol requirements, including those pertaining to eligibility, treatment, adverse events, tumor response, and outcome in a sample of protocols at each institution. Statistics and data center staff and the study chair reviewed the data; CALGB Audit Committee reviewed records onsite for 124 (19%) of 645 enrolled patients.
RESULTS
Study Population
Between January 15, 2004 and May 31, 2012, 645 patients (323 in the zoledronic acid group and 322 in the placebo group) were randomly assigned (Fig 1) . The study was closed to accrual on June 1, 2012 when the corporate supporter withdrew study drug supply. Based on the recommendation of the CALGB/Alliance Data and Safety Monitoring board, protocol treatment was terminated for all patients after July 2, 2012, and no further data were collected.
All randomly assigned patients were included in the efficacy analyses. Figure 1 illustrates patient disposition. All 621 patients who received at least one dose of study medication were included in the safety analyses. Forty-nine percent of the men in zoledronic acid group and 51% of men in the placebo group developed initiated open-label treatment with zoledronic acid. Median time on study was 11.8 months in the zoledronic acid group and 13.6 months in the placebo group.
Baseline demographics and disease characteristics were generally balanced between treatment groups (Table 1) . Patients' median age was 66.1 years for the zoledronic acid group and 66.7 years for the placebo group. Nearly all patients in both groups had ECOG performance status 0 to 1. Approximately 58% of patients in both groups had Gleason 8 to 10 tumors. Less than 10% of patients in both groups had received prior neoadjuvant ADT. Median PSA and alkaline phosphatase levels were balanced between the zoledronic acid and placebo groups.
Efficacy
As of March 25, 2013, there were 299 SREs (147 patients on the zoledronic acid group and 152 patients in the placebo group), which was 64% of the study target of 470 SRE events. Median times to first 0 SRE-Free Survival (probability)
Time From Randomization (months) SRE were 31.9 (95% CI, 24.2 to 40.3) and 28.8 months (95% CI, 25.3 to 37.2) for the zoledronic acid and placebo groups, respectively (Fig 2A) . There was no statistically significant difference in time to first SRE by treatment arm. Stratified hazard ratio (HR) was 0.97 (95% CI, 0 to 1.174; one-sided stratified log-rank P ϭ .385) for patients randomly assigned to zoledronic acid compared with patients assigned to placebo.
An exploratory subgroup analysis was performed based on prespecified stratification factors (Fig 3) . Prior SRE by treatment interaction was almost statistically significant with time to first SRE (P ϭ .054). Among the subgroup of men with an SRE before study randomization (n ϭ 82), median time to first SRE was 31.9 months in the zoledronic acid group compared with 17.6 months in the placebo group (HR, 0.56; 95% CI, 0.31 to 1.02). In the no-prior-SRE subgroup, median time to first SRE was similar for the zoledronic acid and placebo groups. Furthermore, there was no statistically significant interaction of stratification factor (P ϭ .139 for performance status by treatment interaction; P ϭ .74 for alkaline phosphatase by treatment interaction) by treatment for time to first SRE.
Progression-Free Survival
There were 441 PFS events (zoledronic acid group, n ϭ 211; placebo group, n ϭ 230). Median PFS times were 10.6 months (95% CI, 8.5 to 15.4) and 9.2 months (95% CI, 8.0 to 11.9) for the zoledronic acid and placebo groups, respectively (Fig 2B) . The majority of the events were PSA progression (70%), followed by bone progression (22%), and patient deaths (8%). The adjusted HR was 0.89 (95% CI, 0.74 to 1.07; stratified log-rank P ϭ .22) for patients randomly assigned to zoledronic acid compared with patients assigned to placebo.
Overall Survival
There were 285 patient deaths (zoledronic acid group, n ϭ 134; placebo group, n ϭ 151). Median overall survival was 37.9 months (95% CI, 34.2 to 49.2) for the zoledronic acid group and 36.0 months (95% CI, 30.2 to 41.6) for the placebo groups, respectively (Fig 2C) . The adjusted HR is 0.88 (95% CI, 0.70 to 1.12; stratified log-rank P ϭ .29) for zoledronic acid versus placebo group.
Safety
Adverse event data were reported for a total of 618 patients (96%). Sixty-five patients in the zoledronic acid group and 38 patients in the placebo group withdrew from the study because of adverse events. The most common treatment-related grade 3 or higher events included pain (zoledronic acid group, 3%; placebo group, 3%), hypophosphatemia (zoledronic acid group, 3%; placebo group, 2%), fatigue (zoledronic acid, 3%; placebo, 2%), and hypocalcemia (zoledronic, 3%; placebo, 1%; Table 2 ). Two patients in each group discontinued study treatment because of creatinine elevation. One grade 5 event of renal failure was reported and attributed as possibly related to zoledronic acid treatment. Overall rates of grade 3 or higher treatment-related adverse events were approximately 14% in the zoledronic acid group (95% CI, 11% to 19%) and 12% in the placebo group (95% CI, 8% to 16%). Ten zoledronic acid patients (3.2%) and six placebo patients (1.9%) experienced grade 3 osteonecrosis; all of these events were reported as treatment-related. Grade 3 or higher adverse events for creatinine elevation were reported for two patients in the zoledronic acid group and two patients in the placebo group.
DISCUSSION
In this randomized placebo-controlled trial of men with metastatic prostate cancer, early treatment with zoledronic acid for castrationsensitive disease was not associated with a decreased risk for SREs compared with treatment initiated after progression to castrationresistant disease. Overall survival and rates of adverse events were similar between men assigned to early zoledronic acid and those assigned to treatment after progression to castration-resistant disease.
Only one other randomized controlled trial has evaluated the role of osteoclast-targeted therapy in men receiving initial ADT for metastatic prostate cancer. The Medical Research Council Pr05 study randomly assigned 311 men receiving primary ADT for metastatic prostate cancer to either clodronate (2,080 mg by mouth daily) or placebo. The primary study end point was symptomatic skeletal disease progression or death as a result of prostate cancer. After 59 months of follow-up, clodronate was associated with nonsignificant improvements in bone progression-free survival (HR, 0.79; 95% CI, 0.61 to 1.02; P ϭ .066) and overall survival (HR, 0.80; 95% CI, 0.62 to 1.03; P ϭ .082). 8 Notably, a subsequent report with a longer follow-up period reported that clodronate was associated with greater overall survival, a secondary study end point. 9 Our study has important strengths and limitations. Major strengths include the randomized placebo-controlled design and definition of SREs focused on the clinically relevant outcomes of radiation to bone, clinical fracture, spinal cord compression, surgery to bone, or death as a result of prostate cancer. The end point of our study is similar to the symptomatic skeletal event end point used in the pivotal study of radium-223 in men with castration-resistant prostate cancer and bone metastases. 10 Although early termination limited the study power, the results seem to exclude any substantial benefit for early zoledronic acid on SRE risk in men with castration-sensitive disease. If the study was continued to completion (680 patients; 470 Z A  7  2  1 0  3  6  2  2  1  0  0  P l  8  3  8  3  5  2  0  0  0  0  Hypokalemia  Z A  2 1  7  1  0  2  1  0  0  0  0  P l  2 3  8  0  0  1  0  1  0  0  0  Pain  Z A  5 8  1 9  2 9  9  9  3  0  0  0  0  P l  3 3  1 1  2 0  7  5  2  2  1  0  0 NOTE. This Table is limited to those adverse events that occurred in 5% or more of patients and which were deemed possibly, probably, or definitely related to treatment by the treating site. Events are recorded as maximum grade per patient per event. No. of evaluable patients: ZA, n ϭ 310; placebo, n ϭ 308. Abbreviations: CTCAE, Common Terminology Criteria of Adverse Events; version 3.0; Pl, placebo; ZA, zoledronic acid.
events), our data indicate that the probability of correctly concluding that early zoledronic acid was superior to placebo is only 18% assuming a true hazard ratio of 0.77. In men with metastatic CRPC, prior SRE is associated with greater SRE risk. 11 In an exploratory analysis of the current study, early zoledronic acid was associated with longer time to first on-study SRE in the small subgroup of men who experienced an SRE before study entry (HR, 0.56, 95% CI, 0.31 to 1.02). Prospective validation would be necessary to establish whether early zoledronic acid improves outcomes for men with prior SRE or other high risk features.
SREs are a clinical manifestation of disease progression in bone. The results of our study suggest that ADT provides sufficient disease control to preclude any benefit from osteoclast-targeted therapy during the castration-sensitive disease state. Recent data from randomized controlled trials of other hormonal agents in metastatic CRPC support the concept that cancer control decreases SRE risk. In a randomized controlled trial of 1,199 men with metastatic CRPC and disease progression after docetaxel chemotherapy, enzalutamide was associated with improved overall survival and superiority over placebo for all secondary end points including time to first SRE (HR, 0.69; 95% CI, 0.57 to 0.84; P Ͻ .001).
12 In another randomized controlled trial of men with metastatic CRPC and disease progression after docetaxel chemotherapy, abiraterone acetate was associated with improved survival and lower rates of SREs. 13 Additional studies are needed to determine whether these new agents supplant the need for osteoclasttargeted therapy in men with metastatic CRPC.
Denosumab is a fully human monoclonal antibody that specifically binds and inactivates receptor activator of NF-B ligand, an essential mediator of osteoclast formation, function, and survival. In a global randomized controlled trial of men with CRPC and bone metastases, denosumab (120 mg subcutaneously every 4 weeks) was superior to zoledronic acid for prevention of SREs. 14 The superiority of denosumab to zoledronic in metastatic CRPC, however, does not provide evidence to support the administration of denosumab to prevent disease-related SREs in men with castration-sensitive prostate cancer. To date, no study has evaluated the efficacy of denosumab to prevent SREs in men with castration-sensitive metastatic prostate cancer.
ADT is associated with accelerated bone loss and greater fracture risk in men with prostate cancer. In men receiving ADT, intravenous zoledonic acid (4 mg annually) and oral alendronate (70 mg once weekly) have been shown to increase bone mineral density. 15, 16 Denosumab (60 mg once every 6 months) increases bone mineral density, decreases new vertebral fractures in men receiving ADT for prostate cancer, 17 and is approved to prevent bone loss in this setting. The results of the current study do not diminish the importance of either evaluating fracture risk in prostate cancer survivors or drug therapy to prevent osteoporosis and fractures in appropriate individuals.
In summary, early treatment with zoledronic acid in men with castration-sensitive metastatic prostate cancer was not associated with decreased risk of SREs. These results do not support the routine use of zoledronic acid or other osteoclast-targeted therapies to prevent SREs in men with metastatic prostate cancer before progression to castration-resistant disease.
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